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METHOD AND SYSTEM OF HARMONIC
REGULATION

The present application is a divisional application of U.S.
patent application Ser. No. 09/681,156 filed Feb. 1, 2001,
now U.S. Pat. No. 6,604,056, the disclosure of which is
incorporated herein by reference.

BACKGROUND OF THE INVENTION

The present invention relates generally to harmonic regu-
lation of a power conversion system and, more specifically,
to a method and system of canceling and injecting harmon-
ics into a power conversion signal.

Active filters employing active-feedback loops are
increasingly being used to eliminate selected harmonic
errors within a power signal of a power conversion or power
line conditioner system. Utilizing a feedback loop and an
inverter, such active filters are able to minimize the differ-
ences between an instantaneous signal and a desired signal.
The differences between the instantaneous signal and the
desired signal are indicative of the distortion found or
created in the signal caused by various loads in the electrical
network. Oftentimes, the loads are nonlinear in nature which
further accentuates the distortion in the instantaneous signal.

Generally, nonlinear loads cause reflected harmonics to
flow back into a power source resulting in typically
unwanted harmonics in the electrical network. The active
filter is used to reduce these unwanted harmonics using
series and/or parallel power conversion stages. Known
active filters reduce or cancel the harmonic effects in the
power conversion signal by implementing a harmonic regu-
lator that applies a Clarke-Park transformation techniques to
convert desired feedback signals to a reference frame syn-
chronous with the harmonic of interest. In these known
active filters, the transformed feedback signal containing the
unwanted harmonics may contain AC components of other
harmonics (including the fundamental) thereby requiring a
low pass filter to remove unwanted frequencies in the signal.
Further, these known active filters do not permit the dis-
playing of the 1 harmonic magnitudes determined by the
Clarke-Park transformation without low pass filtering to
eliminate AC components from the transformed signal.
Additionally, known filtering systems do not allow for
arbitrary references to control any desired harmonic to a
zero or non-zero value thereby permitting the driving of the
harmonics in the feedback signal to a non-zero value.

It would therefore be desirable to have a system and
method capable of canceling and/or injecting harmonics into
a power conversion signal. It would further be desirable to
design a system and method capable of displaying the
magnitudes of harmonic coefficients determined by a dis-
crete Fourier transformation and to complete the discrete
Fourier transformation using a resettable integrator over a
single signal period without low pass filtering.

SUMMARY OF THE INVENTION

The present invention discloses a method and system of
harmonic regulation that overcomes the aforementioned
drawbacks. In one aspect of the present invention, a method
of harmonic regulation for generating a multiphase electrical
reference signal is disclosed. The method includes the step
of determining at least one reference harmonic coefficient
and identifying an energizing signal having a plurality of
harmonics. The method further includes the step of selecting
at least one harmonic of the energizing electrical signal and
determining at least one harmonic coefficient of the at least
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2

one harmonic of the energizing electrical signal over one
signal period. The method further includes the step of
generating the multiphase electrical reference signal from
the previously determined at least one harmonic coefficient.

In accordance with another aspect of the present
invention, a method of harmonic regulation for a power
conversion system is disclosed. The method includes the
steps of determining at least one reference harmonic coef-
ficient and receiving at least one reference input electrical
signal and at least one feedback electrical signal. An elec-
trical error signal is then determined from the at least one
reference input electrical signal and the at least one feedback
electrical signal. Next, the method selects at least one
harmonic having at least one coefficient from the electrical
error signal and determining an electrical angle, Be. The
method then determines a sine signal and a cosine signal of
the selected at least one harmonic at the known inverter
electrical angle and integrates the sine signal and the cosine
signal over one signal time period, T. The signal time period
T is equivalent to the reciprocal of the inverter base fre-
quency. The integrated sine signal and the integrated cosine
signal are then compared to the at least one reference
harmonic coefficient and at least one harmonic axis value is
determined therefrom. The method further includes the step
of injecting the at least one harmonic axis signal into a
power conversion system.

In yet another aspect of the present invention, a harmonic
regulator is disclosed. The harmonic regulator includes a
feedback signal detector configured to determine a feedback
error signal and further configured to determine an electrical
angle corresponding to a selected harmonic and further
configured to determine a feedback signal period. The
harmonic regulator further includes a harmonic selector
configured to select a feedback error signal harmonic. A
resettable integrator configured to determine at least one
harmonic coefficient of the at least one error signal harmonic
is further provided wherein the at least one harmonic coef-
ficient is determined over a single feedback signal period.
The harmonic regulator further includes at least one adder
configured to determine a difference of the at least one
harmonic coefficient and the at least one reference harmonic
coefficient. A regulator is provided and configured to
amplify and integrate the difference and is further configured
to determine at least one harmonic axis reference signal. An
inverse rotator is provided to receive the at least one
harmonic axis reference signal and to generate an inverse
rotator output. The harmonic regulator further includes at
least one summer configured to determine a final electrical
reference signal from the inverse rotator output and an
inverter current reference output.

In yet a further aspect of the present invention, a power
conversion system is provided. The system includes a num-
ber of electromagnetic interference (EMI) filters, an AC/DC
converter, a DC link filter, a DC/AC inverter, an AC filter, a
plurality of feedback sensors including a plurality of voltage
feedback sensors and 4 current feedback sensors, and a
feedback loop that includes a number of voltage and current
feedback sensor conditioners. The power conversion system
further includes an inverter control having a harmonic
regulator including a resettable integrator wherein the har-
monic regulator is configured to determine at least one
reference harmonic coefficient and identify a distortion
signal having a plurality of harmonics. The harmonic regu-
lator of the power conversion system is further configured to
select at least one harmonic of the distortion signal and
determine at least one harmonic coefficient therefrom over a
single signal period. The harmonic regulator is further
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configured to generate a multiphase electrical reference
signal for the power conversion system.

In an another aspect of the present invention, a computer
program comprising a set of instructions to cause one or
more computers to inject at least one harmonic axis signal
into a power conversion system. The computer program
further causes the one or more computers to determine at
least one reference harmonic coefficient and further causes
the one or more computers to receive at least one reference
electrical signal and at least one instantaneous electrical
signal. The set of instructions of the computer program
further causes the one or more computers to determine an
electrical error signal from the at least one reference elec-
trical signal and the at least one instantaneous electrical
signal. The computer program further cause the one or more
computers to select at least one harmonic having at least one
coefficient from the electrical error signal and to apply a
discrete Fourier transformation to the at least one harmonic
selected to determine a first integrated signal and a second
integrated signal. The one or more computers are then
caused to compare the first integrated signal and the second
integrated signal to the at least one reference harmonic
coefficient and to determine at least one harmonic axis signal
therefrom. The computer program then causes the one or
more computers to inject the at least one harmonic axis
signal into the power conversion system.

Various other features, objects and advantages of the
present invention will be made apparent from the following
detailed description and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate one preferred embodiment pres-
ently contemplated for carrying out the invention.

In the drawings:

FIG. 1 is a schematic block diagram of a power conver-
sion system in accordance with the present invention;

FIG. 2 is a schematic block diagram of the inverter control
shown in FIG. 1;

FIG. 3 is a schematic block diagram of the harmonic
regulator in accordance with the present invention shown in
FIG. 2;

FIG. 4A is a graph illustrating a simulated inverter output
voltage spectrum without harmonic regulation; and

FIG. 4B is a graph in accordance with the present inven-
tion illustrating a simulated inverter output spectrum with
harmonic regulation.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring to FIG. 1, a power conversion system 10 is
disclosed. The system 10 includes an electromagnetic inter-
ference filter 12 that receives, in a preferred embodiment, a
three-phase input 11 of 460 VAC at 60 Hz. The EMI filter 12
reduces or filters out any interference in the input signal 11.
After filtering, the input signal 11 is input into an AC/DC
converter 14. Implementing a known method, the AC input
signal is converted to a DC signal and is input into a DC link
filter 16. The DC link filter 16 blocks out any unwanted AC
components in the converted signal using, in a preferred
embodiment, at least one capacitor (not shown). A DC/AC
inverter 18 receives the filtered output from the DC link filter
16. In a preferred embodiment the DC/AC inverter 18
includes a number of Insulated Gate Bi-Polar Transistors
(IGBT). IBGT’s have superior on-state characteristics, rea-
sonable switching speed, and excellent safe operating area,
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4

therefore, in a preferred embodiment, are used to invert the
signal. Output from the DC/AC inverter 18 is then fed to an
AC filter 20 that removes or filters out any unwanted
portions of the inverted signal. Output from AC filter 20 is
then fed to another electromagnetic interference filter 22 for
removing or reducing any electromagnetic interference
remaining in the signal. The power conversion system 10
further includes a feedback loop 24 that includes a plurality
of voltage and current feedback sensors 26 and an inverter
control system 28, that will be discussed in greater detail
with reference to FIG. 2. Ultimately, an output signal 30 is
generated generally characterized as a three-phase variable
voltage, variable frequency output signal that is fed to a
three-phase load (not shown).

A schematic diagram of the inverter control 28 is shown
in detail in FIG. 2. The voltage and current feedback sensors
26 of FIG. 1 detect a three-phase voltage signal 32, FIG. 2,
and a three-phase current signal 34. A three-phase to two-
phase transformation controller 36 performs a forward
Clarke transform on the rotating three-phase voltage signal
32 and the three-phase current signal 34. The two-phase
voltage fundamental components, V,, and V,, and the
two-phase current fundamental components, I, and I, are
input into a stationary to synchronous transformation con-
troller 38. Implementing a well known transformation
method often referred to as a reverse Park transform, a
synchronous quadrature voltage component 40, a synchro-
nous direct voltage component 42, a synchronous quadrature
current component 47, and a synchronous direct current
component 46 are generated. A difference junction 45, such
as an adder, receives the voltage component 40 and com-
pares the voltage component 40 to a reference synchronous
quadrature voltage component 44. A Proportional Integral
(PI) regulator consisting of gain block 49 and integrator 48
receives the difference junction output 43 and each of the
gain block 46 and integrator 48 of the PI regulator generates
an output signal that is fed to summing junction 50, such as
an adder, that sums the outputs of the PI regulator consisting
of gain block 49 and integrator 48. A summing junction
output signal 52 is fed to a current limit function controller
54.

Referring to voltage component 42, an amplifier 56
receives voltage component 42 and, in a preferred
embodiment, amplifies the voltage component 42 by-1 to
regulate the d-axis voltage to zero. The gain block 56
generates an output signal 57 that is an input to a PI regulator
comprising gain block 58 and integrator 60 which generates
output signals that are summed by an adder 62. The current
limit function controller 54 receives summer output signal
64 as well as synchronous quadrature current component 47
and synchronous direct current component 46. Using current
reference signals 52 and 64 and current feedback signals 47
and 46, the current limit function controller 54 generates a
synchronous quadrature reference current signal 66 and a
synchronous direct reference current signal 68 which are
received as inputs by a synchronous to stationary transfor-
mation controller 70, often referred to as a reverse Park
transform.

Still referring to FIG. 2, using the electrical angle, 6, the
synchronous stationary transformation controller or reverse
Park transform 70 determines a stationary quadrature refer-
ence current signal 72 and a stationary direct reference
current signal 74 that are input to a two-phase to three-phase
transformation controller 76, often referred to as a reverse
Clarke transform. Controller 76 outputs a threephase rotat-
ing reference current signal 78 wherein each reference phase
is added to a complementary phase signal by an adder or



US 6,681,190 B2

5

summer 80. A harmonic regulator 82 generates the three-
phase complementary current signal using a single phase
voltage input, the synchronous quadrature reference voltage
signal 44, and the electrical angle, 8,. The harmonic regu-
lator 82 will be discussed with greater detail with particular
reference to FIG. 3. A hysteresis current control 84 receives
the output signals from the summers 80 and further receives
inverter pole current feedback signals 86 and outputs a
plurality of IGBT gate drive signals 88 which are received
by the DC/AC inverter 18 of FIG. 1.

Referring to FIG. 3, a schematic diagram of the harmonic
regulator 82 is shown in accordance with the present inven-
tion. The harmonic regulator 82 includes a feedback signal
detector 90 that receives the synchronous quadrature refer-
ence voltage signal 44, one phase of the voltage signal 324,
and the electrical angle, 0,, corresponding to a particular
signal frequency and determines a feedback error signal 10
indicative of the distortion in the input signals 44 and 32a.
In one embodiment, the feedback signal detector determines
the error signal using the following equation:

Vab-v3-Vye(ref)-sin(6e-2m/3) Eqn. 1
One of ordinary skill in the art will appreciate however, that
alternative functions may be used to calculate the distortion
of the input signals 44 and 324. The feedback error signal 92
then undergoes a discrete Fourier transformation 94.

The distortion signal 92 after being modified by a scaler
value 96 is received by at least one signal controller 98. The
signal controller 98 using the electrical angle, Be, at the
harmonic selected by the harmonic selector (not shown)
determines a signal indicative of the cosine 100 of the
distortion signal 92 and a signal indicative of the sine 102 of
the distortion signal 92. A resettable integrator 104 receives
signals 100 and 102, and integrates the signals 100, 102 over
a single signal period T. It should be noted, however, that the
electrical angle, 0, is inverted to a value of -0, for any 6n-1
harmonic, where n equals any positive real integer.

Still referring to FIG. 3, since the output signals of the
integrator are determined over a single period, the presence
of any AC components in the signal are eliminated yielding
apure DC value equal to the d and g-axis components of the
specified harmonic which allows for displaying of the inte-
grator output signals 106, 108 visually to a user, such as with
a computer monitor (not shown). A difference junction 110
receives the integrator output signals 106, 108 and compares
each to a reference harmonic coefficient 112, 114. The
reference harmonic coefficients 112 and 114 are assigned
arbitrary values depending upon the goal of the harmonic
regulator. For example, to cancel a harmonic of the power
conversion signal each reference harmonic coefficient is set
to an initial value of zero. Conversely, however, 11 to inject
harmonics into a power conversion system reference har-
monic coefficients 112 and 114 are initialized to some real
value. The harmonic regulator 82 will then generate a signal
indicative of the harmonic reference coefficient as initial-
ized.

Adders 110 output a harmonic error signal 116 which is
received by integrators 118. Integrators 118 integrate the
harmonic error signals 116 with a gain of K, wherein K is an
arbitrary value selected depending upon the particular use or
function of the harmonic regulator 82. Integrators 118 inte-
grate the harmonic error 116 until harmonic error signal 116
is driven to zero. In a preferred embodiment, signals 120 and
122 are current signals. The synchronous to stationary
transformation (reverse Park transform) controller 124
receives signals 120 and 122 as well as the electrical angle,
0., corresponding to the harmonic selected by the harmonic
selector. The synchronous to stationary transformation 124
determines stationary reference frame signals for the d-axis

10

15

20

25

30

35

40

45

50

55

60

65

6

and g-axis harmonic reference signals using the well known
reverse Park transformation technique. The stationary har-
monic reference current signals are received by a two-phase
to three-phase transformation controller or reverse Clarke
transformation controller 126 which determines the three-
phase complementary current signals which are summed
with reference current signals 78 as was discussed in refer-
ence to FIG. 2.

The harmonic regulator 82, as shown in FIG. 3, contem-
plates harmonic regulation, i.e., cancellation or injection, of
a myriad of distortion signal harmonics. Therefore, to simul-
taneously inject or cancel a number of harmonics of a signal,
the present invention contemplates a redundancy of the
harmonic regulator components discussed in the paragraphs
above. The redundancy of components is shown in FIG. 3
with a second set of components having like numbers as
those discussed above, but including an “a” in referencing.
A third set of components is likewise shown using an “x”
reference with like reference numerals. The function of each
is similar to that previously discussed.

Accordingly, the present invention discloses a method of
harmonic regulation. The method includes the steps of
determining at least one reference harmonic coefficient that
will be set to an initial value of zero to cancel harmonics of
an energizing electrical signal or to any non-zero value to
inject harmonics into an energizing electrical signal of a
power conversion system. The method further includes the
step of selecting at least one harmonic of the energizing
electrical signal and determining at least one harmonic
coefficient of the at least one harmonic of the energizing
electrical signal over one signal period using a discrete
Fourier transformation. The step of performing a discrete
Fourier transformation further includes determining a signal
indicative of the sine of the energizing electrical signal and
a signal indicative of the cosine of the energizing electrical
signal. Both the sine and cosine signals are determined using
the electrical angle corresponding to the selected harmonic
of the energizing electrical signal. The method further
includes the step of integrating the cosine and sine signals
over one signal period using a resettable integrator. The
integration of the cosine signal results in an “a” harmonic
and the integration of the sine signal results in a “b”
harmonic signal. Next, the “a” and “b” harmonic coefficients
are subtracted from an “a” reference harmonic coefficient
and a “b” reference harmonic coefficient to produce two
error signals. The error signals are then integrated. Follow-
ing the integration step, the reference signals undergo a
reverse Clarke and Park transformation to generate a three-
phase harmonic reference signal. The three-phase harmonic
reference signal is then added to additional three-phase
harmonic reference signals for each remaining harmonic
thereby forming a final complementary reference current
signal.

To implement the aforementioned method, the present
invention further includes a computer program comprising a
set of instructions for one or more computers to cause the
one or more computers to cancel or inject harmonics into a
power conversion system signal. The set of instructions
further cause the one or more computers to determine at least
one reference harmonic coefficient and receive at least one
reference electrical signal and at least one instantaneous
electrical signal. The set of instructions further cause the one
or more computers to determine an electrical error signal
from the at least one reference electrical signal and the at
least one instantaneous electrical signal. The electrical error
signal is indicative of distortion in the power conversion
system. The set of instructions further cause the one or more
computers to select at least one harmonic having at least one
coefficient and in a preferred embodiment an “a” coefficient
and a “b” coefficient from the electrical error signal. The set
of instructions further cause the one or more computers to
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apply a discrete Fourier transformation to the at least one
harmonic to determine a first integrated and a second
integrated signal.

In a preferred embodiment the first integrated signal is
indicative of the sine of the electrical error signal and the
second integrated signal is indicative of the cosine of the
electrical error signal. To determine the sine and cosine of
the electrical error signal, the one or more computers deter-
mine an electrical angle, 6,, for a selected harmonic and
implement that angle during the discrete Fourier transfor-
mation. In a preferred embodiment the magnitude of the first
integrated and the second integrated signals are visually
displayed on a monitor or other visual means to a user or
technician. Moreover, the first integrated signal and the
second integrated signal are determined over a single signal
period, T. Therefore, low pass filtering of the integrated
signals is unnecessary.

After applying the discrete Fourier transformation, the set
of instructions further cause the one or more computers to
compare the first integrated signal and the second integrated
signal to at least one reference harmonic coefficient. The at
least one reference harmonic coefficient may have any
arbitrary value depending upon the intended goal of the
harmonic regulator. For example, to cancel the selected
harmonic of a power conversion signal the at least one
reference harmonic coefficient for both the “a” reference
harmonic coefficient and the “b” reference harmonic coef-
ficient should be initialized to zero. Conversely, to inject the
selected harmonic into the power conversion signal having
an x value, the at least one reference harmonic coefficients
are initialized with that x value. Next, the set of instructions
cause the one or more computers, in a preferred
embodiment, to subtract the first integrated signal from the
at least one reference harmonic coefficient and subtract the
second integrated signal from the at least one reference
harmonic coefficient. Resulting therefrom is an adjustment
signal that is integrated with a gain of K to determine a direct
synchronous harmonic reference signal and a quadrature
synchronous harmonic reference signal.

The set of instructions then cause the one or more
computers to perform a synchronous to stationary transfor-
mation on the direct synchronous harmonic reference signal
and the quadrature synchronous harmonic reference signal.
This transformation is well known and generally referred to
as a forward Park transformation. After the d-axis stationary
harmonic reference signal and the g-axis stationary har-
monic reference signal are determined, the set of instructions
further cause the one or more computers to perform a
two-phase to three-phase transformation. This transforma-
tion is well known and generally referred to as a reverse
Clarke transformation. The three-phase output of the reverse
Clarke transformation is then added to any additional three-
phase harmonic signals for other selected harmonics to
generate a final three-phase complementary reference signal.

The method of harmonic regulation as well as the acts
accomplished by the one or more computers when instructed
by the set of instructions regulate the harmonics of an error
signal indicative of distortion in the energizing electrical
signal over a single signal period, T. The method/set of
instructions repeat continuously in a loop until the coeffi-
cients of the selected harmonic of the distortion or error
signal match the “a” and “b” reference coefficients. Refer-
ring now to FIGS. 4A and 4B, a specific example based on
computer simulation will be discussed. To cancel the fifth
and seventh harmonics of an energizing electrical signal the
harmonic reference coefficients are initialized to a value of
zero. To drive the fifth and seventh harmonics of the
distortion signal to zero, however, may require several loops
of the energizing electrical signal through the harmonic
regulator. The number of loops depends upon the initial
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value of the harmonic coefficients of the distortion of the
energizing electrical signal. An initial energizing electrical
signal 150a with the fifth and seventh harmonics present
155a, 157a is shown in FIG. 4A. FIG. 4B, however, illus-
trates the signal 15056 of FIG. 4A with the fifth and seventh
harmonics 155b, 157b cancelled in accordance with the
present invention. Conversely, the present invention con-
templates the injection of harmonics into a signal wherein
the signal 1505, FIG. 4B is the initial signal and signal 150A,
FIG. 4A, with the fifth and seventh harmonics 1554, 157a
present is the final signal generated by the harmonic regu-
lator in accordance with the present invention.

The present invention has been described in terms of the
preferred embodiment, and it is recognized that equivalents,
alternatives, and modifications, aside from those expressly
stated, are possible and within the scope of the appending
claims.

What is claimed is:

1. A power conversion system, comprising:

first EMI filter coupled to an AC/DC converter;

a DC link filter coupled to the AC/DC converter and a
DC/AC Inverter;

an AC filter coupled to the DC/AC and a second EMI
filter;

a feedback loop coupled to the second EMI filter and the
DC/AC inverter, wherein the feedback loop includes
number of voltage feedback sensors and current feed-
back sensors and an inverter control including an
harmonic regulator having a resettable integrator,
wherein the harmonic regulator is configured to:
determine at least one reference harmonic coefficient;

identify a distortion signal having a plurality of
harmonics; select at least one harmonic of the dis-
tortion signal; determine at least one harmonic coef-
ficient of the at least one harmonic of the distortion
signal over one signal period; and generate a mul-
tiphase electrical reference signal.

2. The power conversion system of claim 1 wherein the
resettable integrator is reset to an initial value after the at
least one reference harmonic is determined.

3. The power conversion system of claim 1 wherein the
harmonic regulator is further configured to determine an
error factor, wherein the error factor includes a difference of
the at least one reference harmonic coefficient and the at
least one harmonic coefficient.

4. The power conversion system of claim 1 wherein the
harmonic regulator is further configured to multiply an
amplification factor to the error factor and determine at least
one axis harmonic reference value therefrom.

5. The power conversion system of claim 4 wherein the
harmonic regulator is further configured to determine the at
least one axis harmonic reference value by integrating the
product of the error factor and the amplification factor.

6. The power conversion system of claim § wherein the
harmonic regulator is further configured to inversely rotate
the at least one axis harmonic reference at the electrical
angle, 0, to determine the multiphase electrical reference
signal.

7. The power conversion system of claim 1 wherein the
harmonic regulator is further configured to generate the
multiphase electrical reference signal without low pass
filtering.

8. The power conversion system of claim 1 wherein the
harmonic regulator is further configured to display the at
least one harmonic coefficient.
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